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Abstract 
Sustainable cities of the future apart from having low energy consumption and greenhouse gas emissions should also 
adopt the “zero waste” principle. Geopolymers are cementitious materials with three dimensional structures that are 
formed by chemical activation of Al and Si containing solid materials at relatively low temperatures. Several wastes 
or by-products, including coal combustion ashes, metallurgical slags, construction and demolition wastes can be 
utilized for the production of geopolymer concrete and construction components.  
The present paper outlines briefly the potential of geopolymer technology towards green buildings and future 
sustainable cities with a reduced carbon footprint. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
Sustainable development is a concept that has several definitions [1]. The most common one declares 
that today's generation should not compromise the ability of future generations to meet their needs. The 
three pillars of sustainable development are economic and environmental protection as well as social 
development. It is known though that the Earth's capacity to support people is determined by natural 
constraints and human priorities [2].  
Human population has more than quadrupled since 1860 while annual energy consumption has 
exceeded 130 TWh [3]. Cities consume today three-quarters of the world's energy and are also 
responsible for the same percentage of global pollution. Furthermore, United Nations predict that 60% of 
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the world's population will live in cities by the year 2030 [4]. It is therefore necessary when we discuss 
the issue of future sustainability to consider the increasing domination of the city and determine its direct 
and side effects. The major cities are nodes that connect large networks of important infrastructure 
services. The resilience and robustness of city infrastructure is thus essential for their sustainability [5]. 
A critical question though is “which city is considered sustainable”? The concept of sustainability 
must recognise that the city needs to meet social, environmental, economic, physical, political and 
cultural objectives [6]. A sustainable city should provide high quality of life for its inhabitants without 
affecting human conditions in neighbouring regions [7]. Climate change, energy insecurity, low carbon 
economy through technological innovation and behavioural transition are some of the issues that should 
be seriously considered in future sustainable cities [8]. A sustainable city should have an accurately 
determined environmental footprint which is the measure of the equivalent area of land required to 
provide the necessary resources for its inhabitants. For example, a city with an environmental footprint of 
20 means that it needs 20 times its current land use to cover needs for food, energy, etc. [9].  
Buildings are energy consuming structures that have large impact on global climate change and other 
energy-related environmental issues. Buildings are responsible for almost 40 percent of the total primary 
energy consumption and 70 percent of electricity consumption. About 40 percent of CO2, 50 percent of 
SO2, and 20 percent of NOx emissions are produced in the US as a result of building-related energy 
consumption [10]. Today there is a growing trend in most countries towards design and construction of 
green buildings. A green building should have certain unique features and during its entire life cycle 
should contribute to conservation of resources (energy, land, water and materials), reduction of pollution, 
improvement in indoor environment quality and protection of the environment [11-12]. 
The United States Green Building Council developed the Leadership in Energy and Environmental 
Design (LEED) Rating System in 2000 to provide the industry with consistent credible standards of what 
constitutes a “green building” in terms of design, construction and high-performance operation. The 
system has proved its effectiveness and has established itself as the benchmark of choice for federal 
agencies, as well as state and local governments across the United States [13]. “Energy” remains the most 
important type of cost to Canadian LEED accredited professionals. “Water” ranks second, whereas 
“Waste”, “Productivity and Health”, “Commissioning and Maintenance” and “Emissions” come in next 
with no significant difference [14]. It is therefore necessary that a validated tool including weighted 
indicators is developed to assist all involved stakeholders. Green building certificates incorporating 
various criteria are also required to improve sustainability in cities and living environment [15]. Modern 
green building design strategies should adopt eco-friendly design and construction techniques that are still 
facing economic and political barriers. So far, green energy efficiency research has been mainly directed 
toward the use of smart grids, development of more effective insulation materials, and minimization of 
greenhouse gas (GHG) emissions.  
Green cities should gradually adopt the principle of “zero waste”. This approach will definitely 
contribute to sustainable development and reduction of carbon footprint. This means that most wastes 
produced in the city or in the wider region should be recycled for the production of secondary materials 
that can be used in various applications including construction. Quality of these new materials and cost 
are issues that have to be considered. Quality is mainly a matter of engineering while cost, if higher, has 
to be fairly shared among relevant stakeholders. 
The objective of this paper is to explore the potential of geopolymer technology in terms of industrial 
by-product and waste utilization, which is a global sustainability issue, for the production of concrete and 
new construction components that will subsequently reduce carbon footprint in sustainable cities of the 
future. 
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2. Geopolymers 
2.1. General  
Geopolymers are amorphous three dimensional aluminosilicate materials with ceramic-like properties 
that are produced and hardened at ambient temperature. Under highly alkaline conditions, in the presence 
of alkali hydroxide and silicate solution, polymerization takes place when reactive aluminosilicates are 
rapidly dissolved and free [SiO4] and [AlO4] tetrahedral units are released in solution. The tetrahedral 
units are alternatively linked to polymeric precursors by sharing oxygen atoms forming thus amorphous 
geopolymers. Positive ions such as K+ or Na+ that are present in framework cavities, balance the negative 
charge [16-17]. For the chemical designation of geopolymers based on silico-aluminates, the term 
poly(sialate) that is an abbreviation for silicon-oxo-aluminate has been proposed. Poly(sialates) are chain 
and ring polymers with Si4+ and Al3+ in 4-fold coordination with oxygen and their general formula is 
O.wH]AlO)(SiO[M 2n2z2n −−  (1) 
where M is a monovalent cation such as K+ or Na+, n is the degree of polycondensation and z is 1, 2 or 
>>3. Chains and rings are formed and cross-linked together always through a sialate Si-O-Al bridge. The 
amorphous to semi-crystalline three dimensional silico-aluminate structures are illustrated in Fig. 1. 
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Fig. 1. The Geopolymer terminology [18] 
In a broader sense geopolymers indicate transformation of geomolecules through geochemical 
processes during diagenesis and can be classified into two major groups: pure inorganic and organic 
containing synthetic analogues of naturally-occurring macromolecules. The term geopolymer as initially 
proposed refers mainly to pure inorganic materials but could be extended to include geomaterials with 
organic content. It is known than ancient Egyptians used straw and riverine mud containing organics (e.g. 
humic materials) to manufacture construction components of remarkable strength and durability. Roman 
concretes also contained mud as a binding agent. It is therefore important during geopolymerisation to 
consider crosslinks between inorganic and organic species [19-20].  
2.2. Geopolymer applications and properties 
Any source of silica and alumina that can dissolve in an alkaline solution can act as geopolymer 
precursor and geopolymerise. Metakaolin (MK), produced by calcination of kaolin at 750 oC, is often 
used for the production of geopolymers [21]. Xu and van Deventer [22] studied 16 natural Al–Si minerals 
as potential source materials for the production of geopolymers. 
Several wastes, including mining, metallurgical, municipal, construction and demolition that are 
produced today in huge quantities in every country can be also utilized for the production of 
geopolymeric materials such as concrete, building components, fire resistant coatings and insulators [23-
34]. Some of these wastes (e.g fly ash, slags) are only partially used today in Portland cement production.  
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Other potential applications of geopolymers include stabilisation/immobilisation of hazardous wastes, 
surface capping and stabilization of waste dumps, construction of low permeability base liners in landfills, 
water control structures, and construction of heap leach pads. In the mining sector, geopolymerisation due 
to fast setting and high early strength of the paste may be considered in back-fill or cut-and-fill operations 
[35-36]. Geopolymers can even find applications as biomaterials. They have previously been considered 
for implant applications, where they have shown to be bioactive with low tendency of ion leakage [37-39]. 
Geopolymers are produced by mixing a pulverised raw material with alkaline (KOH or NaOH) and 
soldium silicate solutions. An indicative recipe when ferronickel slag is used as raw material is slag 82%, 
H2O 6%, KOH 3% and Na2SiO3 9%. The homogeneous paste obtained is then cast in moulds and in most 
cases cured shortly at room temperature before heated, if required, to temperatures up to 80 oC for 1 or 2 
days. The specimens are then left for 7 or 28 days to enhance development of structural bonds [40]. 
Geopolymers harden rapidly and acquire high early strength while the final 28-day compressive 
strength may reach or exceed 100 MPa. Their porosity can be less than that of cements or mortars and 
thus superior mechanical properties are obtained. Their final structure and physical properties depend 
upon several parameters as water content, particle size, thermal history, alkali metal content and degree of 
amorphicity. Geopolymers exhibit similar to Portland cement permeability, ~10-9 cm/s, low alkali-
aggregate expansion, low shrinkage, excellent resistance to acids, sulphates, corrosion and freeze-thaw 
cycles [41-45]. 
A critical aspect during geopolymerisation is water that facilitates workability of the initial paste but is 
not incorporated in the resulting geopolymer structure. Thus, water is not involved in main chemical 
reactions but instead is expelled during curing and subsequent drying. This is in contrast to the hydration 
reactions taking place when Portland cement is mixed with water and results in the production of calcium 
silicate hydrate and calcium hydroxide. This aspect has a significant impact on the mechanical and 
chemical properties of geopolymer concrete [46]. 
The study of reaction mechanisms, also with the use of analytical techniques, provides useful 
information regarding geopolymerisation and properties of the final products [47-49]. Fig. 2a shows a 
backscattered electron image (BSI) of the microstructure of a FeNi slag-glass geopolymer with a 
compressive strength of more than 70 MPa [50]. The Si/Al ratio, which is affected by the alkali hydroxide 
concentration, is higher in the binder (∼13) than the respective ratio in slag (∼2.5) and lower than that in 
glass (∼21.5). Fig. 2b shows the FTIR spectra of FeNi slag and geopolymers produced at different 
temperatures and curing times [51]. The difference in absorption frequencies between slag and final 
products indicates transformations taking place during geopolymerisation. 
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Fig. 2. (a) Backscattered electron image (BSI) displaying the microstructure of a slag-glass geopolymerm (S: slag, G: glass, B: 
binder), (b) FTIR spectra of pure FeNi slag and geopolymers produced at different temperatures and curing times.  
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3. Current trends in cement and concrete production 
The building materials sector is the third-largest CO2 emitting industrial sector worldwide 
representing almost 10% of the total anthropogenic CO2 emissions, most of which are related to concrete 
manufacture. About 85% of these CO2 emissions come from the provision of cement. Almost 95% of this 
CO2 is released during production and only 5% during transport of raw materials and finished products. 
Fig. 3 shows a simplified cement production process indicating CO2 emissions. It is known that CO2 
emissions need to be reduced from their 1990 levels in developed countries by a factor of 2 in 2020 and 
by a factor of 4 in 2050. Today’s data indicate that it seems technically feasible to design concrete to meet 
“factor 2” objective, but a technological breakthrough is needed to reach “factor 4” objective [52].  
Hydrated ordinary Portland cement (OPC) is the most common binder used in concrete. In cement 
production, limestone is the major raw material used that is burnt at 1450 °C to produce clinker and is 
then blended with additives. The finished product is finely grounded to produce different types of cement. 
During cement production, around 0.92t of CO2 is released for each ton of clinker produced. This 
emission is mainly shared between decarbonation of limestone (0.53t), and the use of carbon-based fuels 
for heating (0.39t). Average CO2 emissions associated with grinding processes are in the order of 0.1 t of 
CO2 per ton of cement and are mostly associated with electricity production [53]. Because of the 
importance of the cement industry, many studies are carried out to assess its future prospects in terms of 
CO2 reduction potential and compare energy efficiency improvement options [54-55].  
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Fig. 3. Simplified cement production process indicating CO2 emissions 
 
The two main approaches to reduce CO2 emissions associated with the cement supplied for concrete 
manufacture are (1) reduction of CO2 emissions during clinker production and (2) reduction of the clinker 
content in cement. There main factors are involved in assessment of CO2 emissions during clinker 
production: the type of raw materials used, the type of fuels, and the thermal efficiency of the kiln. CO2 
emissions from the cement industry can then be calculated using the following equation [56]. 
/yearon].ProductiClinkerx)matRaw.Energy[(Fuel/year t cementcontentemiskilnemisCO 2 −+=  (2) 
where Fuelemis represents the CO2 released from fuel burning (tCO2/MJ); Energykiln is associated with 
the kiln technology (MJ/tclinker); Raw-matemis refers to CO2 released from the raw materials (tCO2/tclinker); 
Clinkercontent is the percentage of clinker in cement (tclinker/tcement) and finally the Productioncement/year is 
expressed in tcement/year. 
Limestone could be replaced by materials with lower carbon but similar calcium content; such 
materials are not abundant though and mainly include blast furnace slags (BFS), steel slags, and cement 
waste. The availability of these wastes is not guaranteed as the world production of BFS was almost 150 
million tons in 2005 compared to 2500 million tons of clinker production. Alternative fuels (petcoke, coal, 
natural gas, used tyres, waste oil, plastic, waste wood etc.) can be used to reduce cost and CO2 emissions. 
Most of them though have not been approved as carbon-neutral. These, as defined by the EU legislation, 
are mainly agricultural and forestry biomass, biodegradable municipal waste, animal waste and paper. 
Waste materials derived from fossil fuels such as solvent, plastics, used tyres are not regarded as carbon 
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neutral. It is argued though if burning of carbon-neutral waste can be regarded as a GHG sink because 
they decay to form methane which is much a more powerful GHG than CO2.  
Clinker itself can be partly substituted by industrial by-products such as coal fly ash or granulated 
blast-furnace slag (GBFS). These cements meet European standards and are commonly used [57]. It has 
to be considered though that cement based materials adsorb CO2 from the atmosphere, as a result of 
carbonation that takes place during the effective life of a concrete structure as well as after demolition. 
This issue has to be taken into account during the assessment of impacts of construction materials [58]. 
4. Geopolymer vs. OPC concrete 
Geopolymerisation has definitely a good potential for the production of “green” concrete and 
construction materials with lower carbon footprint. In order to accurately assess this potential the 
environmental impact of geopolymers has to be quantified by considering also the impact of the by-
products (or wastes) used through Life Cycle Assessment (LCA) studies. Fig. 4 shows a simplified 
concept of a life cycle system. 
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Fig. 4 Concept of a life cycle system  
 
The limited literature so far shows that the production of most standard types of geopolymer concrete 
has lower impact on global warming than standard OPC concrete [59-61]. Two geopolymer mix-designs 
were evaluated based on the LCA principle by considering a few environmental impact categories (global 
warming, energy and resource depletion) [62]. Recently, a detailed environmental evaluation of 
geopolymer concrete production using the LCA principle was carried out. Fig. 5 shows a description of 
geopolymer concrete life cycle, restricted to the production of constituents used in concrete (cradle to 
gate approach). The other stages of concrete’s life cycle (cradle to grave approach) are not considered. 
[63]. It is assumed that once concrete is cast in the structure, the impacts during the rest of its life cycle 
(maintenance and demolition) are similar for a geopolymer concrete or an OPC concrete. 
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Fig. 5. Description of geopolymer concrete life cycle [63] 
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This study shows that geopolymer concrete made from fly ash (FA) and GBFS results in lower CO2 
emissions than OPC concrete. The environmental impact of geopolymer concrete is related with the use 
of sodium silicate solution as activator that results in pollution transfer within all other environmental 
impact categories. Today, the production of sodium silicate utilizes pure glass cullet but discarded glass 
cullet could be easily used as alternative silicate source. The best way for the concrete industry to reach 
its current CO2 objectives, would be to produce geopolymer concrete from raw material with a suitable 
Si/Al molar ratio which is recognised as industrial waste and does not have an allocation impact. In fact, 
geopolymer technology allows the use of waste instead of a by-product from an LCA point of view. 
Magnesium-iron and ferronickel slags cannot be utilized with the blended cement technology, but can be 
used as geopolymeric binders. Slag based geopolymer concrete only requires small amount of sodium 
silicate and therefore has low environmental impact. Furthermore, the use of these wastes reduces 
environmental impacts associated with their disposal and subsequent generation of hazardous leachates. 
Concerning MK based geopolymer concrete it has been shown that due to the low Si/Al ratio in MK a 
high amount of sodium silicate is required causing thus a high environmental impact. The use of 
thermally activated clays with a higher Si/Al ratio than MK or slag mixed with MK could be also 
considered. Particle technology could be also utilized for the production of OPC based concrete in order 
to improve granular distribution and packing reducing thus the quantity of active binder required [64].  
5. Discussion - Conclusions 
The sustainable city of the future should cover human needs and maintain a superior quality of life. 
Without asking at this point which will be the future human needs and quality of life, in other words 
which will be the definition of sustainability in future, it is almost certain that the “zero waste” principle 
and the development of new materials with a lower carbon footprint will be priority issues. 
The EU "Thematic Strategy on the prevention and recycling of waste" [65] sets out the objectives and 
means in order to further improve management of waste and energy resources. The Lead Market initiative 
in recycling, points out the need to promote innovations in recycling [66]. The Waste Framework 
Directive sets the waste hierarchy and more ambitious targets for re-use, recycling and recovery of some 
categories of waste [67]. With respect to the waste hierarchy, this means that a clear priority will be given 
to prevention, reuse and materials recycling unless "lifecycle thinking" justifies a deviation from the 
hierarchy. Wastes included in these categories are industrial as well as construction and demolition. It is 
clear though that the innovative products produced should comply with international products' standards. 
The building sector embraces aspects such as design, selection of materials, use of natural resources as 
well as interaction with different socio-economic, regulatory and administrative aspects. Construction 
activities consume more raw materials by weight than any other industrial sector. In addition, the 
anticipated future lack of virgin aggregates will definitely increase their cost, while the longer term trend 
in cement use in Europe is rather uncertain. The built environment moreover, accounts for the largest 
share of GHG emissions in terms of energy end usage. Measured by weight, construction and demolition 
activities produce Europe's largest waste stream, most of which is recyclable. Environmental aspects 
consider, in an integrated approach, consumption of raw materials, in-door air quality as well as water and 
energy efficiency to reduce the environmental impact of construction. 
The market for green building materials is rapidly expanding. Such materials should be environment 
friendly, durable, bio-based and recycled, and should be characterized by low toxicity and emissions. 
Green materials often exhibit noticeable potential to reduce indoor ozone and can be used to eliminate 
human exposure to ozone, which is generally higher indoors than outdoors [68]. 
Researchers and practitioners have long disagreed about the financial benefits of investing in green 
buildings. Researchers generally believe that most green buildings can be built at almost no additional 
cost while practitioners often identify high initial cost premiums as barriers to adopting and investing in 
1030  Konstantinos A. Komnitsas / Procedia Engineering 21 (2011) 1023 – 1032Konstantinos A. Komnitsas / Procedia Engineering 00 (2011) 000–000 
green practices. As a result, there is a need for researchers to communicate directly with practitioners in 
order to use knowledge generated and eventually address gaps, limitations, and problems [69]. 
The European Spatial Development Perspective [70] strongly advocates the ‘compact city’ (or the city 
of short distances) integrating thus land-use, transport and daily activities more effectively. The trend 
today is for greater densities and mixed land uses so that emissions and energy consumption are 
significantly reduced [71]. A critical question though is if a similar trend is anticipated in future. 
In contrast to Portland cement, most geopolymer systems rely on minimally processed natural 
minerals and industrial by-products or wastes to provide binding agents enabling thus noticeable energy 
and CO2 savings in the construction sector. Further work is required though to improve the technology 
and strengthen its potential for commercial applications in order to reduce the environmental footprint in 
the sustainable city of the future. 
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